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Available online 27 January 2014AbstractThe Boreal black spruce forest is highly susceptible to wildfire, and postfire changes in soil temperature and substrates have the
potential to shift large areas of such an ecosystem from a net sink to a net source of carbon. In this paper, we examine CO2 exchange
rates (e.g., NPP and Re) in juniper haircap moss (Polytrichum juniperinum) and microbial respiration in no-vegetation conditions
using an automated chamber system in a five-year burned black spruce forest in interior Alaska during the fall season of 2009.
Mean  standard deviation microbial respiration and NEP (net ecosystem productivity) of juniper haircap moss were 0.27  0.13
and 0.28  0.38 gCO2/m2/hr, respectively. CO2 exchange rates and microbial respiration showed temporal variations following
fluctuation in air temperature during the fall season, suggesting the temperature sensitivity of juniper haircap moss and soil mi-
crobes after fire. During the 45-day fall period, mean NEP of P. juniperinummoss was 0.49 0.28 MgC/ha following the five-year-
old forest fire. On the other hand, simulated microbial respiration normalized to a 10 C temperature might be stimulated by as
much as 0.40  0.23 MgC/ha. These findings demonstrate that the fire-pioneer species juniper haircap moss is a net C sink in the
burned black spruce forest of interior Alaska.
Published by Elsevier B.V. and NIPR.
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http://dx.doi.org/10.1016/j.polar.2014.01.003soil carbon present in the terrestrial biome (Apps
et al., 1993, 1996; Dixon et al., 1994). Apps et al.
(1993) estimated that vegetation in boreal forest
ecosystems is a net carbon sink of 0.54 Gt/yr and that
the soil of boreal forest and peatlands represent a net
carbon sink of 0.70 Gt/yr. Further, boreal forest
ecosystems are particularly subject to cyclic distur-
bance by forest fire (e.g., wildfire). The shift of the
boreal forest from a net sink to a net source of at-
mospheric carbon, then, will likely originate from
two sources, both anthropogenic in their origin: 1)
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boreal forest; and 2) increases in disturbances in the
region due to climate change, such as fire, insect
outbreak, and pathogens (Kasischke and Stocks,
2000). Recent studies in the boreal black spruce
forest biomes of Alaska have shown that changes in
the local energy balance may result in postfire
biogenic emissions of carbon that equal or exceed the
amount of carbon dioxide (CO2) released during
forest fire (Hicke et al., 2003; Kim and Tanaka, 2003;
O’Neill et al., 2003, 2006; Richter et al., 2000),
potentially shifting large areas of the landscape from
net CO2 sinks to net CO2 sources. This is to say that,
immediately following forest fire, the fixation of CO2
by vegetation such as juniper haircap moss is mini-
mal to non-existent, while rates of decomposition
may be stimulated as a result of warmer soil tem-
perature and changes in soil drainage (Kim and
Tanaka, 2003; O’Neill et al., 2003; Richter et al.,
2000).
Juniper haircap moss (Polytrichum juniperinum) is
typically a pioneer speciesdthe first groundlayer
species to establish after firedand is characteristically
found on burned mineral soils and other charred sub-
strates (Fryer, 2008). Also, juniper haircap moss, as a
fire-follower, may actually survive fire, and it shows a
strong ability to colonize newly-burned areas, due to
the penetration of its rhizoids into mineral soil
(Ruokolainen and Salo, 2006; Schimmel and
Granstrom, 1996; Skutch, 1929). This adaptation is
what allows juniper haircap moss to survive some
surface fires. The species is well adapted to large
fluctuations in summer temperature, higher light levels,
and the low humidity levels typical of recently burned
soils (O’Neill et al., 2006). Under optimal moisture
conditions, mosses contributed between 10 and 55% of
total soil respiration after forest fire, with highest
contributions from early successional moss species
(Ceratodon purpureus and P. juniperinum) (O’Neill
et al., 2006). Just after fire, soil respiration decreased
by, at most, 50%; however, microbial respiration esti-
mated after the fire was almost three times as high as
calculated respiration before the fire (Kim and Tanaka,
2003). This indicates that the postfire condition may
stimulate microbial respiration, on account of higher
nutrients and substrates in remnant soils and enhanced
soil temperature (Kim and Tanaka, 2003). It is
important, then, to understand carbon dynamics in ju-
niper haircap moss regimes after forest fire. With this
in mind, we focus here on 1) the estimation of CO2
exchange rates in juniper haircap moss; 2) the evalu-
ation of environmental factors determining microbialrespiration; and 3) the implications for the regional
carbon budget after forest fire in the black spruce forest
ecosystems of interior Alaska.
2. Material and methods
2.1. Site description
Our study site began as a mature black spruce
(Picea mariana) forest before the fire of 2004, located
within the Poker Flat Research Range (PFRR) of the
University of Alaska Fairbanks (UAF) in interior
Alaska. The forest fire ignited due to lightning in mid-
June of 2004 and continued until early August 2004.
We subsequently measured CO2 exchange rates and
microbial respiration using an automated chamber
system over AugusteOctober 2009 at this severely
burned site (65080N, 147260W, 491 masl (meters
above sea level)). The site was selected according to
the criterion that no vegetation other than juniper
haircap moss regimes occurs within a 10-m radius. A
single chamber system set, consisting of transparent
and opaque chambers, was installed on the moss
regime for the estimation of CO2 exchange rates. Two
sets were prepared over a no-plants regime for mi-
crobial respiration rate. The remaining soil organic
layer was 2 cm deep, underlain by sandy silt with
gravel (Iwata et al., 2011). We assumed that the dead
roots of the severely burned black spruce were not yet
decomposed and contributed to soil respiration, due to
their completely charred roots. This suggests that the
microbial respiration rates produced in burned black
spruce forest soil are presumably constant. Most of the
burned black spruce trees remained snag, and some
were logged due to snowfall after winter. The frac-
tional area covered by vegetation at a nearby area with
similar burn conditions was 26% in August 2005; this
increased to 85% in August 2008, four years after the
fire (Tsuyuzaki et al., 2009). Major vegetation con-
sisted of paper birch (Betula paperifera), quaking
aspen (Populus tremuloides), Labrador tea (Ledum
palustre), bog blueberry (Vaccinium uliginosum),
sedge (Eriphorum scheuchzeri), fireweed (Epilobium
angustifolium), and juniper haircap moss (P. juniper-
inum). As juniper haircap moss is typically among the
first ground-layer species to establish after fire (Foster,
1985), this study focuses on the carbon dynamics of
juniper haircap moss during the fall season.
CO2 exchange rates (i.e., NPP: net primary pro-
ductivity, Re: ecosystem respiration, and GPP: gross
primary productivity) were measured in this instance
of burned black spruce forest moss. NPP and Re were
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calculated using the following equation (1), and NEP
(net ecosystem productivity) using equation (2).
NPP¼ ReGPP; ð1Þ
NEP¼ NPPMR; ð2Þ
where MR is microbial respiration (gCO2/m
2/hr)
measured in a no-vegetation condition of the burned
black spruce forest.
2.2. Experimental method
Using our automated chamber system, we measured
CO2 exchange rates of juniper haircap moss and
soildprimarily microbial (e.g., heterotrophic)drespi-
ration, within the burned black spruce forest. Microbial
respiration can only be estimated in the burned forest,
as root activity ceased after the wildfire. The automated
chamber system consisted of 1) six chambers (30-cm
inside diameter; 50-cm height), of which three are
transparent (for NPP) and three are opaque (respira-
tion); 2) controller, including data-logger (CR-10X,
Campbell Scientific, USA), diaphragm pump (Emo-
noto Ltd., Japan) with 1 L/min rate, and CO2 analyzer
(Li-820, Li-cor, USA); and 3) thermocouples for
temperature measurement of inside chamber and soil
temperature. Two (one light and one dark) of these
chambers were assembled in P. juniperinum moss in
order to measure CO2 exchange rates, the rest were
placed in no-vegetation ground of the burned black
spruce forest to capture microbial respiration. Mea-
surement of CO2 concentration in each chamber lasted
5 min; whole-chamber-measuring time was a half hour.
CO2 exchange rates and microbial respiration (MR)
were calculated from the equation:
FCO2 ¼ ra  ðDC=DtÞ  ðV=AÞ; ð3Þ
where n˜a is the molar density of dry air (mol/m
3),OC
(ppmv) is the change in CO2 concentration during the
measurement period (Ot, 5-min), V is chamber vol-
ume, and A is surface area (cross section ¼ 0.28 m2).
The pump was maintained at a flow rate of 1.0 L/min to
avoid underestimation or overestimation of carbon flux
due to under- and over-pressurization between inside
and outside chamber. The height of each chamber was
also measured alongside the carbon flux to allow
calculation of the flux.
Using light and dark chambers to assess the effect of
temperature sensitivity on MR, the relationship was
plotted, showing exponential curves on air temperatureand soil temperatures at depths of 5 and 10 cm, from
the following equation:
SR¼ b0eb1$T; ð4Þ
where SR is the measured MR (gCO2/m
2/hr), T is soil
temperature (C), and b0 and b1 are constants. This
exponential relationship is commonly used to represent
soil carbon flux as a function of temperature (Davidson
et al., 1998; Davidson and Janssens, 2006; Gaumont-
Guay et al., 2006; Lavigne et al., 1997; Rayment and
Jarvis, 2000; Xu and Qi, 2001; Zhou et al., 2009). The
Q10 temperature coefficient values were calculated as in
Davidson et al. (1998) and Davidson and Janssens
(2006):
Q10 ¼ eb1$10; ð5Þ
where Q10 is a measure of the change in reaction rate at
intervals of 10 C and is based on Van’t Hoff’s empir-
ical rule that a rate increase on the order of 2e3 times
occurs for every 10 C rise in temperature (Lloyd and
Taylor, 1994).
A reference value of R10 (MR normalized to a
temperature of 10 C) was then calculated as:
R10 ¼ Ri$Q½ð10TÞ=1010 ; ð6Þ
where Ri is the measured MR (gCO2/m
2/hr) at T tem-
peratures in air (C). Using the calculated values of Q10
and R10, MRwas simulated on the basis of the measured
air temperature. Simulated MR values, Ri (gCO2/m
2/
hr), were calculated as:
Ri ¼ R10=Q½ð10TÞ=1010 : ð7Þ
We monitored micrometeorological parameters
such as air temperature, photosynthetically active ra-
diation (PAR), soil temperature, and soil moisture
using eddy covariance tower (Iwata et al., 2011). The
measuring time of these factors was a half hour. Sea-
sonal variations in air temperatures at 1.0 and 2.3 m
above the surface, soil temperatures at depths of 5 and
10 cm, and PAR in burned black spruce forest during
the fall season of 2009 are shown in Fig. 1. The
response of soil temperature and PAR is distinctly
followed by change in air temperature, which ranged
from 7.2 to 20.6 C. We measured air temperatures at
1.0 and 2.3 m above the surface, and the response of
soil temperatures at depths of 5 and 10 cm to air
temperature at 2.3 m is shown in Fig. 2. The rela-
tionship between air temperatures at 1.0 and 2.3 m is
linear, indicating that any air temperature data can be
used in this study (Fig. 2a); AT2.3 ¼ 0.99$AT1.0 þ 0.27
Fig. 2. Response of air temperature at 2.3 m to (a) air temperature at
1.0 m, and to (b) soil temperature at depths of 5 (open circles) and
10 cm (solid circles). Dotted line is 1:1 line.
Fig. 1. Seasonal variations in soil temperatures at depths of 5 (solid
line) and 10 (grey line) cm, air temperature at 2.3 m (dotted line), and
PAR (thick solid line: bottom) in burned black spruce forest of
interior Alaska during the fall season of 2009.
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2.3 m above the surface. On the other hand, the rela-
tionship between soil temperature and air temperature
is linear, but is not matched to a 1:1 line, suggesting
soil temperature is slow in its response to air temper-
ature (Fig. 2b).
We performed a one-way ANOVA (95% confidence
level) on the data using Microsoft Excel Data Analysis
software. We used regression analysis to examine the
relationship between carbon flux and environmental
factors.
3. Results and discussion
3.1. Seasonal variation in CO2 exchange rate in ju-
niper haircap moss
CO2 exchange rates, such as NPP by light chamber
and Re by dark chamber, were measured in juniper
haircap moss of burned black spruce forest during the
fall season of 2009. Mean NPP and Re were
0.01  0.33 and 0.31  0.19 gCO2/m2/hr, respec-
tively. Mean GPP was calculated using equation (1),
yielding 0.31  0.41 gCO2/m2/hr. In no-vegetation soil
of the burned black spruce forest, mean microbial
respiration from light and dark chambers showed
0.21  0.10 (Coefficients of Variation: 45%) gCO2/m2/
hr, and 0.29  0.11 (CV: 37%) gCO2/m2/hr,
respectively-not a significant difference at a 95%
confidence level. This suggests that the microbial
respiration of the burned plot can be considered con-
stant within 50% of CV. Mean NEP was calculated
using equation (2), yielding 0.28  0.38 gCO2/m2/hr
and a range of 1.65 to 0.44 gCO2/m2/hr, indicating
juniper haircap moss as a net sink in the five-year-old
burned black spruce forest. Fig. 3 shows seasonal
variations in NPP, Re, and GPP of P. juniperinummoss, indicating that the source (positive values) rep-
resents CO2 emission to the atmosphere by moss
respiration and microbial respiration, and the sink
(negative values) is the uptake of atmospheric CO2 by
photosynthesis. This moss, further, had been photo-
synthesizing before the decline in air temperature on
September 25. After that date, photosynthesis of moss
did not occur again until the increase in air temperature
on October 2. This suggests that the drastic drop (to
below zero) in air temperature on September 24 seems
to have constrained the photosynthesis. On the other
hand, moss respiration (Re) increased to 0.95 gCO2/
Fig. 4. Responses of microbial respiration to soil temperature at
depths of 5 (grey squares) and 10 cm (squares), and air temperature
(circles), using (a) light (transparent-material) chamber, and (b) dark
(opaque) chamber in burned black spruce forest soil.
Fig. 3. Seasonal variations of NPP (dotted line), Re (solid line), and
GPP (thin grey line) in common haircap moss of burned black spruce
forest of interior Alaska during the fall season of 2009. Source, in
which carbon dioxide emits to the atmosphere, appears over the zero
as Re and GPP; and sink, in which the moss photosynthesizes, shows
below zero, as NPP.
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photosynthesize with the increase in air temperature
after October 2. Kennedy (1993) reported that sub-zero
temperature and freeze-thaw stress might act as
limiting factors on species distribution and the photo-
synthetic response of the Antarctic moss Polytrichum
alperstre. The net photosynthesis and respiration of the
moss grown at 5 and 20 C denoted temperature
dependence, and further showed weak CO2 emission of
the moss Polytrichum commune in a lower temperature
(near zero), suggesting low-temperature acclimation of
those mosses (Sveinbjo¨rnsson and Oechel, 1983).
Together, the long Arctic photoperiod and cold tissue
temperatures decrease translocation rates, which may
cause photosynthetic accumulation, thus decreasing net
CO2 uptake rate (Wilson, 1966). The lower air tem-
perature observed in this study, therefore, resulted in
the decline of NPP and microbial respiration from
September 25 to October 2, suggesting the temperature
sensitivity of CO2 exchange rates within the P. juni-
perinum moss population.
3.2. Environmental factors determining microbial
respiration
Fig. 4 shows the response of microbial respiration,
by light and dark chambers, to temperatures in air and
at soil depths of 5 and 10 cm, also showing the
exponential relationship between microbial respiration
and temperature. Air temperature indicates a much
wider (7.2e20.6 C), rather than a narrower, range of
soil temperatures (1.3e13.0 C at 5 cm and
1.3e10.7 C at 10 cm). We calculated the Q10 value
from Fig. 4 using equation (3), yielding Q10 values on
air and soil temperature at depths of 5 and 10 cm of1.99 (R2 ¼ 0.58), 4.03 (R2 ¼ 0.68), and 4.78
(R2 ¼ 0.68) with light chamber, respectively; and 1.77
(R2 ¼ 0.59), 3.13 (R2 ¼ 0.69), and 3.57 (R2 ¼ 0.66)
with dark chamber, respectively. As the results show,
while Q10 values are similar with regard to microbial
respiration measured by light and dark chambers, with
regard to other measurements Q10 increases with soil
depth. This suggests that a narrower range of soil
temperature leads to higher Q10 values. To understand
the effect of measured soil depth upon Q10, we
measured soil temperature at depths of 5, 10, 15, 30,
50, and 90 cm (mean temperature: 6.7  1.2 C (CV:
19%; range: 4.0e8.0 C)). Microbial respiration from
light and dark chambers followed soil temperatures at
various depths with increasing exponential curves, as
shown in Fig. 5. Table 1 shows Q10 and correlation
coefficients based on Fig. 5 and calculated using
equation (3). Q10 tended to increase with soil depth,
and showed, maximally, 31.8 and 16.6 at 90-cm depth
Fig. 5. Responses of microbial respiration to soil temperatures at
depths of 5 cm (open circles), 10 cm (grey solid circles), 15 cm (open
squares), 30 cm (grey solid squares), 50 cm (open diamonds), and
90 cm (grey solid diamonds) using (a) light and (b) dark chambers in
burned black spruce forest soil. Q10 values and correlation co-
efficients are listed in Table 1.
Table 1
Q10 values and correlation coefficients, measured with light and dark
chambers and estimated from the response of microbial respiration to
soil temperatures at various depths.
Chamber Soil depth (cm) Q10 R
2
Light 5 3.6 0.57
10 4.5 0.63
15 5.2 0.61
30 5.8 0.61
50 10.4 0.59
90 31.8 0.54
Dark 5 2.8 0.54
10 3.4 0.60
15 3.8 0.59
30 4.2 0.60
50 6.7 0.57
90 16.6 0.53
Table 2
Correlation coefficients (R) among variables in burned black spruce
forest of interior Alaska.c
Variables NPP Re GPP MR AT ST5 ST10 PAR
NPPa 1.00 0.20 0.89 0.23 0.07 0.03 0.03 0.52
Rea 1.00 0.63 0.66 0.36 0.42 0.45 0.10
GPP 1.00 0.49 0.12 0.17 0.24 0.37
MRb 1.00 0.64 0.71 0.75 0.11
AT 1.00 0.90 0.88 0.43
ST5 1.00 0.99 0.33
ST10 1.00 0.25
PAR 1.00
a Denotes the carbon exchanges estimated in juniper haircap moss
using light and dark chambers, respectively.
b Is the microbial respiration measured in no plants with light and
dark chambers.
c Indicates p < 0.01 on a one-way ANOVA at the 95% confidence
level.
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increased abruptly when freezing, varying from 4.6 to
9.4 in thawed soils (þ0.5 C to þ14 C), and from 63
to 237 in frozen soils (10 C to 0.5 C) of Alaskan
tundra, based on the incubation experiment of Mikan
et al. (2002). The response of Q10 values to various
soil depths (SD) in this study (not shown) showed Q10
(L) ¼ (3.23  1.10) exp (0.0246$SD) (R2 ¼ 0.98) and
Q10 (D) ¼ (2.60  0.19) exp (0.0201$SD) (R2 ¼ 0.99).
If soil was frozen at this study site, Q10 would be much
higher than recent obtained results, demonstrating
greater temperature sensitivity of microbial respiration
with measured soil depth during the winter season
(Mikan et al., 2002; Panikov et al., 2006; Pavelka et al.,2007). Table 2 shows the correlation coefficients (R)
among the variables in burned black spruce forest,
interior Alaska. As described in 2-1, NPP and Re were
estimated in the moss with transparent and opaque
chambers, respectively. On the other hand, MR was
determined in no plants regime with both chambers.
NPP can be explained 79 and 27% of variability of
GPP and PAR, respectively. Re can be elucidated 40
and 43% of variability of GPP and MR, respectively.
MR is dependent on ambient temperature (41%), soil
temperatures at the depths of 5 cm (50%) and 10 cm
(56%), respectively. However, Re is weakly related to
the temperature. Then, temperature is a significant
factors regulating soil microbial respiration rate as well
known in various ecosystems (Davidson et al., 1998;
Gaumont-Guay et al., 2006; Kim and Tanaka, 2003;
Lavigne et al., 1997; Rayment and Jarvis, 2000;
Zhou et al., 2009).
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ture of 10 C
Measured using light and dark chambers, simulated
microbial respiration was calculated using equation
(7), yielding mean simulated MR (L and D) of
0.23  0.14 (CV: 57%) and 0.32  0.16 (CV: 48%)
gCO2/m
2/hr, respectively. Based on a one-way
ANOVA at a 95% confidence level, these values
show no significant differences in measured MR (L and
D). Fig. 6 shows the relationship between simulated
MR and measured MR, suggesting that measured MR
from light and dark chambers was slightly 11 and 13%
higher than simulated MR: measured MR
(L) ¼ 1.11$Simulated MR e 0.012 (R2 ¼ 0.65;
p < 0.001); and measured MR (D) ¼ 1.13$SimulatedFig. 6. Relationship between measured microbial respiration and
simulated microbial respiration, normalized to a temperature of
10 C by equation (7), using (a) light and (b) dark chambers in black
spruce forest after fire. Dotted line is 1:1 line.MR e 0.06 (R2 ¼ 0.69; p < 0.001), respectively. Also,
from both chambers, the responses of simulated MR to
air and soil temperatures show increasing exponential
curves (Fig. 4).
Raich and Schlesinger (1992) estimated the mean
turnover time of soil organic carbon in healthy boreal
forests at 91 years, based on the assumption that 30%
of soil respiration is derived from root respiration and
that the remaining respiration is derived from decom-
position of soil organic matter. However, because we
directly measured microbial respiration in a no-
vegetation area, this proportion was not considered
when calculating the turnover time of soil organic
carbon after a fire. After the mean daily microbial
respiration was estimated and the data of soil organic
carbon measured in highly decomposed layers (surface
to 2 cm) was cited by Iwata et al. (2011), we calculated
a mean turnover time of 32.7  14.6 years (CV: 45%),
during the fall season after 5-year-old forest fire. On
the other hand, soil organic carbon was measured at
6400 gC/m2 in the same layers of mature black spruce
forest soil (Iwata et al., 2011). The forest fire signifi-
cantly decreased soil organic carbondby 80%, sug-
gesting that burned black spruce forest is a crucial
source of atmospheric CO2 and that the turnover time
of soil organic carbon is three times faster than in
healthy black spruce forest, suggesting stimulated mi-
crobial activity in warmer temperature soil profile after
forest fire (O’Neill et al., 2003).
Litvak et al. (2003) and O’Neill et al. (2003) esti-
mated NEP and C source-sink dynamics for various
stands using a modified mass balance model of C
storage that allowed both decomposition and NPP to
vary over the fire cycle. Mean daily NEP calculated in
this study was 0.28  0.16 (CV: 58%) gCO2/m2/hr in
the juniper haircap moss of burned black spruce forest.
NPP of P. juniperinum moss ranged from 0.25 MgC/
ha, as a source of atmospheric CO2, to 0.56 MgC/ha, as
a net sink during the 45-day fall period. Using equation
(2), mean NEP of P. juniperinum moss was
0.49  0.28 MgC/ha, after 5-year-old forest fire.
O’Neill et al. (2006) reported that total inputs to the
soil system (NPP) were estimated to increase from 0.0
to 0.8e1.5 MgC/ha during the first 100 years after fire.
The difference between modeled NPP and decompo-
sition suggested that these soils were a net C source for
7e14.5 years after fire and a net sink of 0.3e0.6 MgC/
ha over the remaining (140) years (O’Neill et al.,
2006). These trends are generally consistent with
those of Bond-Lamberty et al. (2004) for a black
spruce fire chronosequence in Manitoba, Canada, in
which NEP showed a small post-fire net C loss
Fig. 7. Temporal variations of microbial respiration from light
(dotted line) and dark (solid line) chambers, and air temperature at
2.3 m (grey line) during the growing season (May to October) of
2009, based on Fig. 6 and the estimation of the equation (7).
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with a maximum NEP of 1.1 MgC/ha (71 years post-
fire). However, our NEP finding suggests that P. juni-
perinum moss plays a net sink role within a 5-year
burned black spruce forest during fall season. To esti-
mate ecosystem NEP after a fire during the growing
season, additional study is required to monitor CO2
exchange rates in other ground plants such as shrubs
and bryophyte within the same site.
Based on Fig. 6, we calculated seasonal simulated
MR using equation (7), based on daily air temperature
during the growing season (MayeOctober) of 2009, as
shown in Fig. 7. During the 45-day observation period,
the cumulative measured MR of 11.2 gCO2/m
2 is
similar to 10.8 gCO2/m
2 of simulated MR, suggesting
that there is no significant difference between both at a
95% confidence level, and that air temperature is a
significant factor in regulating microbial respiration in
the burned black spruce forest of interior Alaska, five
years after forest fire.
3.4. Implications for regional carbon budget after
wildfire during fall
Forest fire significantly decreased soil CO2 efflux by
a range of 22e50% compared to before fire in the black
spruce forest (Kim and Tanaka, 2003). Kasischke
(2000) and Richter et al. (2000) found that the fire
decreased total soil respiration rate by 33e59% and
44e58%, respectively. The differences in rate
decreased depend on fire severity, indicating that fire
typically consumes between 20 and 90% of the organic
soil layer, including any living roots present in this
layer (Kasischke et al., 2000). Forest fire in the study
site was extremely severe (Iwata et al., 2011). We used
mean soil respiration (0.22  0.09 (CV: 40%) gCO2/
m2/hr, unpublished data) for the partition of root and
heterotrophic respiration rates, which is the sum of
plant root respiration and microbial respiration, inmature black spruce forest during the fall season of
August 27 to October 5, 2009. Schlentner and Van
Cleve, 1985 estimated that approximately 20% of soil
respiration in mature black spruce forest was derived
from microbial respiration, and the remainder was from
plant root respiration. Using the partition and mean soil
respiration measured in mature black spruce forest,
microbial respiration can be calculated as
0.043  0.017 gCO2/m2/hr, possibly solely from mi-
crobial respiration from the soil. This is almost six-fold
higher than the mean microbial respiration estimated by
this study, using the factor of Schlentner and Van Cleve
(1985). This finding indicates that the postfire condition
may greatly stimulate microbial respiration, due to
higher nutrients and substrates in remnant soil after
forest fire. Furthermore, Kasischke (2000) and Van
Cleve et al. (1983) demonstrated that the forest floor
temperature for boreal black spruce forests underlain by
permafrost remains warmer than in unburned black
spruce forests for at least 20e30 years after fire.
According to the proportionality of Schlentner and
Van Cleve (1985), mean microbial respiration in 5-
year-old burned black spruce forest is estimated to be
0.27 gCO2/m
2/hr. Of this, 0.23 gCO2/m
2/hr is attrib-
uted to postfire stimulation of microbial decomposition
after the fire. For the 45-day fall season observation
period of 2009, microbial respiration may be stimu-
lated by as much as 0.40  0.23 MgC/ha in burned
black spruce forest, compared with 0.15 MgC/ha in
one-year, 0.38 MgC/ha in seven-year, and 0.40 MgC/
ha in ten-year after severe forest fire during the fall
season (Richter et al., 2000), and with 0.33 MgC/ha in
one-year, 0.58 MgC/ha in seven-year, and 0.45 MgC/
ha in ten-year after forest fire during the fall season
(O’Neill et al., 2006). With the successional vegetation
stage, atmospheric CO2 is steadily taken up to ground
vegetation (e.g., postfire frontier speciesdjuniper
haircap moss and fireweed, sedge, Labrador, bog
blueberry, paper birch, quaking aspen) after a fire.
However, soil-originated CO2 emission to the atmo-
sphere (e.g., primarily microbial respiration and plant
respiration) is much more than atmospheric carbon
fixation by vegetation in burned black spruce forest.
This suggests that the postfire black spruce forest plays
a prolonged, crucial role as a source of atmospheric
CO2 after forest fire, and that fire severity is also yields
long-term patterns of postfire floor temperature and
moisture in boreal forest by way of drastic changes in
albedo (O’Neill et al., 2006; Richter et al., 2000).
Occasionally, we found greater differences in the
magnitude of postfire carbon emission according to
research sites, at which the difference in emissions
154 Y. Kim et al. / Polar Science 8 (2014) 146e155results from a magnitude of fire severity that is closely
related to successional chronosequence, soil tempera-
ture, and soil moisture (Kasischke, 2000; Kasischke
et al., 2000; Van Cleve et al., 1983).
4. Summary and conclusions
CO2 exchange rates (e.g., NPP, Re, and GPP) were
measured in juniper haircap moss, a fire-pioneer spe-
cies, with light and dark chambers, and microbial
respiration was measured in a no-vegetation regime of
burned black spruce forest after forest fire, in interior
Alaska during the fall season of 2009.
Mean  standard deviation NPP, Re, GPP, and NEP
were 0.01  0.33, 0.30  0.19, 0.31  0.41, and
0.28  0.38 gCO2/m2/hr, respectively. Mean microbial
respiration by light and dark chamber yielded
0.21  0.10 and 0.31  0.10 gCO2/m2/hr, respectively.
CO2 exchange rates and microbial respiration showed
temporal variations with fluctuation in air temperature
during the fall season, suggesting temperature sensi-
tivity of juniper haircap moss and soil microbes. Mi-
crobial respiration from light and dark chambers
followed soil temperatures at various depths of
5e90 cm with increasing exponential curves, indi-
cating that Q10 tends to increase with measured soil
depths, and shows maximally 31.8 and 16.6 at a depth
of 90 cm, from light and dark chambers, respectively.
During the fall period of 45 days, mean NEP of P.
juniperinum moss was 0.49  0.28 MgC/ha five years
after forest fire, demonstrating that juniper haircap
moss is a net C sink in the burned black spruce forest
of interior Alaska.
Simulated microbial respiration normalized to a
10 C temperature is nearly similar to measured mi-
crobial respiration, showing a good correlation rela-
tionship between both. On the basis of this relationship
and measured air temperature, simulated microbial
respiration showed temporal variation during the
growing season (May to October) of 2009. During the
fall period of 2009, microbial respiration might be
stimulated by as much as 0.40  0.23 MgC/ha in the
burned black spruce forest of interior Alaska, indicating
findings similar to those measured in other burned black
spruce forests during the fall season. Hence, P. juni-
perinum moss, a fire-following species, represented a
net C sink in this five-year burned black spruce forest of
interior Alaska during the fall season of 2009.
In order to understand floor-level carbon dynamics in
dominant ground plants of burned black spruce forest,
additional study is needed in order to monitor CO2 ex-
change rates andmicrobial respiration, using an improvedautomated chamber system during the growing season,
and an FD (forced diffusion) soil CO2 efflux method
during the winter season (Risk et al., 2011).
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